ABSTRACT The rat serum albumin gene has been isolated from a recombinant library containing the entire rat genome cloned in the X phage Charon 4A. Preliminary R-loop and restriction analysis has revealed that this gene is split into at least 14 fragments (exons) by 13 intervening sequences (introns), and that it occupies a minimum of 14.5 kilobases of genomic DNA.
MATERIALS AND METHODS
Rat Genome Library. High molecular weight liver DNA was extracted from an adult male Sprague-Dawley rat (Simonsen Labs, Gilroy, CA) by the method of Blin and Stafford (5) and aliquots were digested with EcoRI (Boehringer Mannheim) under conditions adjusted to cleave either one-third or one-fifth of the EcoRI sites in an equivalent amount of bacteriophage X DNA. The fragments resulting from this partial digestion were sedimented through a 10-30% sucrose gradient; the material between 10 and 20 kilobases (kb) was recovered by ethanol precipitation. A sample of this rat DNA (2.5 ,g) was ligated with 8.5 ,ig of a preparation of Charon 4A "cloning fragments" (6, 7) . This recombinant DNA was packaged in vitro by using extracts from defective X lysogens provided by N. Sternberg (6) . The method used was that of Hohn and Murray (8) . Approximately 2,000,000 independent clones were obtained. The library was amplified 100,000-fold by subconfluent plating on Escherichia coli strain DP5OSupF (9) .
cDNA Clones. cDNA was synthesized from purified albumin mRNA as described (10) . This cDNA contained a small amount of full-length material and had a number average size of approximately 1000 nucleotides. It was rendered double-stranded by sequential treatment with E. coli DNA polymerase I and S1 nuclease (11 7.4 (18) and incubated at 50-530C for 24 hr. The hybrids were spread for electron microscopy by the modified Kleinschmidt method (19 probably due to partial digestion. However, their appearance also is consistent with the hypothesis that there are multiple, slightly divergent albumin genes in the rat. Fig. 3 illustrates analogous experiments performed with DNA from the various genomic clones. In these sets of blots the albumin cDNA probe has been cleaved with HindIII and electrophoretically fractionated into a 5', "middle," and 3' probe (Fig. 1C) . The patterns generated are entirely consistent with that seen with whole rat liver DNA. The sizes are given in the legend to Fig. 2 . This suggests that there has been little or no disruption of individual restriction fragments during the cloning procedure although the resolution limit of the genome blots is probably about 100 nucleotides and small modifications or point mutations would most likely be undetected. A curious aspect of these results is revealed in Fig. 3 , gels F and G. Both the 5' and middle albumin mRNA probes react with the same HindIII fragment (band d), which implies that the Hind1II site separating these two probes (indicated by an asterisk in Fig. 1C ) does not exist in the genome. The trivial explanation of probe cross contamination is unlikely because there is no analogous reaction with EcoRI-digested XRSA40 (Fig. 3, gels B-D Fig. 3 also establishes colinearity of the genomic and mRNA sequences. The polarity of the cDNA clones was established by nucleotide sequence determination (T. Sargent and J. Posakony, unpublished data) and, thus, the direction of transcription, from left to right in Fig. 1 , can be inferred. These blot hybridization data, in conjunction with the restriction maps, suggest that within the cloned locus there exists only one albumin mRNA sequence which is interrupted at least five times and is dispersed over a minimum of 14 kb.
To verify these observations and improve the resolution beyond the limits of a cursory restriction analysis, we digested DNA from the genome clones with either EcoRI or HindIII, mixed it with purified albumin mRNA, and incubated the mixture under conditions suitable for "R-loop" formation (18) . The hybrid structures that formed were then visualized by electron microscopy. The result of these experiments was the identification of a total of 13 interruptions in the albumin mRNA sequence. Selected electron micrographs along with interpretive drawings of the R-loops are shown in Fig. 4 Fig. 4 , second from left, it was necessary to assume that the end lacking a visible DNA "branch" corresponds to the HindIII site located in the mRNA sequence, that is, within exon C. If this assumption is incorrect, then the albumin gene is subdivided into 15 rather than 14 exons, and the order of exons C, D, and E is reversed. The results obtained from EcoRI-digested clones are more difficult to interpret due to the larger number of fragments and and their similar sizes. However, the structures visualized are consistent with the HindIII-digested R-loops. Certain hybrids do not form efficiently, apparently due to close proximity to a restriction cleavage, and these tend to appear with one but not the other digestion. Also, the temperature optima for hybrid formation with the various fragments differed over a few degrees and had to be adjusted accordingly. The data from which the exon/intron map was deduced are summarized in Table 1 . These values are in some Proc. Natl. Acad. Sci. USA 76 (1979) de-AffigiiiA6, cases the sum of two measurements which terminate on opposite sides of the same restriction site. All of the structures represented by the diagram in Fig. lB are supported by a minimum of 10 measurements made from different unambiguous examples. However, it is important to bear in mind the uncertainty inherent in data of this type. Aside from possible interpretive errors, small exons and introns might not be detectable by electron microscopy. Furthermore, very small hybrids might not be stable under the conditions used for hybridization or spreading of the DNA. DNA displacement loops alongside exons were not visible in most cases. Presumably this is due to the collapse of single-stranded DNA, which may be a property of smaller R-loops prepared by the methods we have used (23) .
Close examination of the RNA involved in the R-loop structures reveals a continuous translocation of duplex regions from the 5' end to the 3' end of the mRNA, supporting the conclusion drawn from the blot experiments that there is only B A one albumin gene in the cloned complex and that it is colinear with the mRNA sequence, although interrupted. Another interesting observation is that exons A and N seem very near the termini of the mRNA. Very little, if any, RNA extends beyond the 5' side of exon A. This implies that unless a tiny "leader" exon is separated from the rest of the gene by a huge intron or there is more than 8 kb of RNA cleaved from the 5' end of a primary transcript, the initiation of transcription must be located somewhere on the 5' end of clone XRSA3O. Similarly, the small "whisker" of RNA visible on the T3' side of exon N is probably mostly poly(A) (10) , suggesting that the albumin mRNA coding sequence terminates at this point in the genome. Neither of the EcoRI fragments located 3' to this terminal exon reacts with albumin cDNA (unpublished data). Since these fragments represent over 10 kb of genomic DNA, it is unlikely that there are any albumin exons not contained on the genomic clones. (Fig. IC) . If exon 14 does in fact contain the 3' end of the mRNA, then one and possibly two introns may be located within the untranslated sequence ( Table   1 ).
Assuming that we have not inadvertently cloned an inactive variant of the albumin gene, the arrangement of introns and exons has obvious ramifications regarding the processing of the albumin mRNA precursors. First, the transcription unit is at least 14.5 kb in length and, by analogy to other systems (24, 25) , the primary transcript can be expected to be of the same size. This is 3 times larger than the value reported by Shafritz and coworkers (26) 
